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Abstract 
MnBi is an attractive rare-earth-free permanent magnetic material due to its low materials cost, high 
magnetocrystalline anisotropy (1.6 × 106 J m−3), and good magnetization (81 emu g−1) at room 
temperature. Although the theoretical maximum energy product (BH)max of 20 MGOe is lower than that 
of NdFeB-based magnets, the low temperature phase (LTP) of MnBi has a positive temperature coefficient 
of coercivity, up to 200 °C, which makes it a potential candidate for high temperature applications such as 
permanent magnet motors. However, the oxygen sensitivity of the MnBi compound and the peritectic 
reaction between Mn and Bi make it difficult to synthesize into a material with high purity. This challenge 
is partly offset by adding excess Mn to the alloy, with composition close to Mn55Bi45 resulting in the 
highest saturation magnetization after common processing techniques such as arc melting, casting, melt 
spinning, and ball milling. Here we report a systematic process which reduces the amount of excessive 
Mn, while simultaneously providing a large saturation magnetization (MS) of 79 emu g−1 at 300 K in the 
annealed Mn52Bi48 ribbons. We also report excellent magnetic properties in the ball powders, resulting in 
0.5–5 µm particles with MS of 75.5 emu g−1, coercivity Hci of 10.8 kOe, and (BH)max of 13 MGOe using 
9 T applied field at 300 K. A secondary annealing treatment on various ball milled powders increased Hci 
by up to 21%, and also resulted in an increase in MS up to 78.8 emu g−1. 
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MnBi is an attractive rare-earth-free permanent magnetic material due to its low materials cost, 
high magnetocrystalline anisotropy (1.6 × 106 J m-3), and good magnetization (81 emu g-1) at room 
temperature. Although the theoretical maximum energy product (BH)max of 20 MGOe is lower 
than that of NdFeB-based magnets, the low temperature phase (LTP) of MnBi has a positive 
temperature coefficient of coercivity, up to 200 °C, which makes it a potential candidate for high 
temperature applications such as permanent magnet motors. However, the oxygen sensitivity of 
the MnBi compound and the peritectic reaction between Mn and Bi make it difficult to synthesize 
into a material with high purity. This challenge is partly offset by adding excess Mn to the alloy, 
with composition close to Mn55Bi45 resulting in the highest saturation magnetization after common 
processing techniques such as arc melting, casting, melt spinning, and ball milling. Here we report 
a systematic process which reduces the amount of excessive Mn, while simultaneously providing 
a large saturation magnetization (MS) of 79 emu g-1 at 300 K in the annealed Mn52Bi48 ribbons. 
We also report excellent magnetic properties in the ball powders, resulting in 0.5-5 µm particles 
with MS of 75.5 emu g-1, coercivity Hci of 10.8 kOe, and (BH)max of 13 MGOe using 9 T applied 
field at 300 K. A secondary annealing treatment on various ball milled powders increased Hci by 






The low temperature phase of MnBi (LTP-MnBi) is a hard magnetic material potentially suitable 
for use in permanent magnet motors due to its high magnetocrystalline anisotropy (1.6 × 106 J 
m-3) [1] and good saturation magnetization (81 emu g-1) at room temperature [2]. LTP-MnBi is a 
peritectic compound that exhibits a first-order structural transition between the temperatures of 
340 °C and 355 °C, at which point it transforms into the paramagnetic high temperature phase 
[3][4][5]. Trouble arises when trying to form LTP-MnBi from the melt due to the high 
temperature of the liquidus for the stoichiometric MnBi composition [6][7], which results in 
primary solidification of Mn accompanied with a large amount of phase segregation from the 
remaining Bi-rich liquid. Due to the sluggish kinetics of Mn atoms below the LTP-MnBi 
decomposition temperature of 355°C [8], as well as the oxygen sensitivity of the Mn-Bi system 
[9][10], it has proven difficult to obtain phase pure materials with traditional processing 
techniques. 
To combat the phase segregation of Mn from the melt during conventional processing techniques 
such as arc melting, casting, melt spinning, or sintering, an excess amount of Mn is often added 
to the alloy to maximize the phase fraction of LTP-MnBi. About 4 at.% excessive Mn is needed 
to first form the high temperature Mn1.08Bi phase, which exists in the temperature range from 
340 to 446 °C and is found difficult to by-pass with conventional processing methods 
[2][10][11][12][13][14][15][16][17][18]. This excess Mn increases the volume fraction of LTP-
MnBi in practice, but ultimately dilutes the potential magnetic properties unless this waste 
material can be removed with yet another processing step (i.e. magnetic separation 
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[12][16][17][19]). Furthermore, in order to take advantage of the large magnetocrystalline 
anisotropy of the MnBi system, it is necessary to break the polycrystalline MnBi particle apart 
till it becomes single crystal. In practice this is usually achieved through ball milling. However, 
even low energy ball milling was found to be energetic enough for inducing the decomposition 
of the LTP-MnBi phase into Mn and Bi [11][15][20]. Cryomilling mitigates the decomposition 
issue to certain degree, but can’t completely solve it [11][21]. This decomposition reaction 
further reduces the phase fraction of LTP-MnBi in the powders materials, lowering MS even 
further. 
Traditional metallurgical processes are preferred in order to maintain cost effectiveness of the 
manufacturing process. Techniques such as cryomilling or magnetic separation should be 
avoided. Identifying methods to increase the LTP-MnBi phase without the use of expensive or 
time-consuming techniques is of great interest in the magnetics community. In this report we 
expand upon our previous work which identified an optimum MnBi composition by using a more 
refined processing technique. Processing adjustments have been made which result in a greater 
phase fraction of LTP-MnBi in the high-performance ribbons and powders. 
2. Experimental 
2.1 Sample preparation 
High-purity Mn (Ames Lab MPC) and Bi shot (Aldrich: 99.999% metals basis) were weighed 
according to the designed atomic ratio, then arc melted under a partial pressure of ultra-high 
purity argon. The samples were flipped and re-melted 5 times to ensure homogeneity. Mass 
losses were kept to less than 0.3 wt.% during the arc melting process. The ingots were placed 
into a quartz crucible fitted with a 0.81 mm precision capillary orifice, then melt spun in 1/3 atm. 
ultra-high purity helium with an overpressure of 120 Torr and a wheel speed of 12 m/s. The 
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ribbons were packed into a tantalum tube which was then sealed inside a quartz ampoule with a 
partial pressure of ultra-high purity argon. The MnBi ribbons were annealed at 290°C for five 
days and allowed to air cool. The ribbons were transferred to a nitrogen dry box and ground into 
a coarse powder (< 425 µm) with mortar and pestle. The coarse powder was loaded into a 2.5” 
hardened steel vial with cyclohexane, using 440 stainless steel milling media in a 20:1 weight 
ratio. The dimensions of the milling media were 1/4" and 3/8” in diameter. The powders were 
milled for 7-10 hours and then transferred into a nitrogen dry box where the cyclohexane was 
decanted. 
Magnetic characterization was performed using a Quantum Design PPMS® DynaCoolTM with a 
vibrating sample magnetometer (VSM) option installed. The ground ribbon pieces and ball milled 
powders were randomly packed and measured at T = 300 K with a maximum applied magnetic 
field of µ0H = 9 T for MS measurements. Powders were heated to T = 335 K and aligned in wax 
with a field of µ0H = 9 T, then allowed to cool to room temperature for (BH)max measurements. 
The measured magnetic moment was divided by the actual weight of the powder to obtain the 
magnetization. The resulted MH curves were not corrected for any demagnetization factor due to 
the uncertainty of the magnetostatic interaction among powders. MnBi powders and annealed 
ribbon pieces were imaged using a FEI Teneo field-emission scanning electron microscope (FE-
SEM) equipped with an Oxford Aztec energy dispersive detector (EDS). An accelerating voltage 
of 15 kV was used for all EDS work. X-ray diffraction (XRD) was performed with a Bruker D8 
Advance (Cu Kα radiation, λ = 1.54056 Å) diffractometer in the θ/2θ mode with the following 
parameters: 2θ region of 20 – 90°, step size of 0.02°, collection time of 1.5 s/step. Rietveld 
refinement was performed using GSAS software in order to determine phase fractions and lattice 
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parameters. Composition of annealed melt spun ribbons were analyzed by EAG Laboratories using 
inductively coupled plasma atomic emission spectroscopy (ICP-AES). 
3. Experimental Results 
3.1. Saturation magnetization of MnBi ribbons and powders 
MS values of the annealed ribbons and ball milled powders are shown in Figure 1. The ribbon 
samples show a clear peak of 79 emu g-1 at the nominal composition of Mn52Bi48. On average, 
the magnetization of the samples drop 4% after milling for 8 hours. The cause for the drop in 
magnetization is primarily due to the decomposition of LTP-MnBi into elemental Mn and Bi 
which is discussed below. The magnetization trend of the ball milled powders is similar to the 
melt spun ribbons, with the Mn52Bi48 alloy also having the highest magnetization. This is about 
3% less of Mn comparing to our previous work.[10] 
 
3.2 Effect of heat treatment on composition of Mn52Bi48 ribbon 
Backscattered SEM micrographs of the annealed Mn52Bi48 ribbons are shown in Figures 2 and 3. 
The grain sizes of the annealed ribbons were between 2 – 20 µm, with slightly larger grains 
appearing on the free side of the ribbon pieces. A few clusters of Mn grains were detected on the 
wheel side surface of the ribbons. The wheel side is the first to solidify from the melt, so the 
primary solidification of Mn is expected to take place here. No grains of Mn were detected on 
the free side of the ribbon surfaces, and no grains of Bi were detected on either surface of the 
ribbons. A few regions that were rich in Mn content were scanned and analyzed using ImageJ 
software. Figure 3 is an example of such a region, with the calculated area fraction of 1% Mn for 
 6 
this selected area. EDS was performed over large areas of the ribbon surface which resulted in 
compositions of Mn50Bi50 to within a fraction of a percent. 
Figure 4 shows the XRD pattern for the Mn52Bi48 annealed ribbon pieces. From the Rietveld 
refinement the annealed ribbons are nearly phase pure, containing 98.2 wt.% LTP-MnBi, 0.5 
wt.% Bi, and 1.2 wt.% MnO2. The calculated weight fractions of both Bi and MnO2 present in 
the ribbons are close to the error in the analysis. Although grains of Mn were detected in SEM, 
the amount of Mn present was below the detection limits of XRD analysis. 
ICP-AES was conducted on the annealed Mn52Bi48 ribbons to support XRD and EDS chemical 
analysis. The compositions and uncertainties are shown in Table 1. There was approximately 2 
at.% oxidation within the annealed ribbons, so the results for Mn and Bi atomic concentration 
have been normalized to 100%. The annealed ribbons were exposed to air for approximately 30 
minutes as the sample was being prepared, so some of this oxidation was possibly a result from 
the sample preparation. Four replicate measurements were taken for this sample, and the 
variation between the replicates produced a global expanded uncertainty of less than 0.5 at.%. 
The chemistry of Mn50.94Bi49.06 was determined for annealed ribbons, which is in close agreement 
with both XRD and SEM-EDS analysis. 
3.3 Effect of ball milling time and post-mill annealing on MnBi powders 
Low energy ball milling of MnBi coarse powder typically produces particles with two size 
ranges: one from 2.41-4.13 mm and other from 0.43-0.68 mm. For the batch of powders milled 
for 7 hours, the bimodal particles sizes are (0.59 ± 0.20 mm and 3.43 ± 0.82 mm). For the 
powders milled for 8, 9 and 10 hours, the corresponding particle bimodal sizes are  (0.57 ± 0.22 
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mm and 2.66 ± 0.80 mm), (0.51 ± 0.23 mm and 2.46 ± 0.77 mm), and  (0.43 ± 0.17 mm and 2.41 
± 0.83 mm), respectively. 
Effects of ball milling time on the magnetic properties of wax-aligned Mn52Bi48 powders are 
shown Figure 5 and listed in Table 2. As expected, coercivity increases as the length of milling 
time increases. The powders which were ball milled for the maximum time of 10 hours show the 
highest coercivity at 12.3 kOe. This increase in coercivity is generally accompanied with a drop 
in magnetization. The squareness Mr/MS and (BH)max of the powders peak at 8 hours of ball 
milling time. 
The powder samples which were milled for either 7 or 10 hours were then annealed at 290°C and 
re-measured in identical conditions. The effects of the post-mill annealing treatment are shown in 
Figure 6 and listed in Table 2. The annealing treatment increased coercivity in both samples, 
with a more significant effect in the powders milled for 10 hours. The coercivity of the annealed 
powders which were ball milled for 10 hours was 15.0 kOe, which is a 22% increase compared 
to the value of 12.3 kOe in the as-milled powder. The coercivity of the powders which were 
milled for 7 hours increased by 6% after annealing. The magnetization of the powders milled for 
10 hours dropped from 71.8 emu g-1 to 70.7 emu g-1 after the heat treatment, a reduction of about 
1.5%. However, the magnetization increased from 72.8 emu g-1 to 78.8 emu g-1 for the powders 
which were milled for 7 hours and then annealed, approaching the theoretical saturation 
magnetization. The ratio of Mr/MS decreased for both samples upon annealing at 290°C. 
SEM micrographs of Mn52Bi48 powders which were ball milled for 8 hours are shown in Figure 7 
and Figure 8. The particle sizes of the milled powders were between 0.5 – 5 µm and were 
seemingly independent of the chemistries explored in this experiment. EDS measurements were 
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taken on individual grains which happened to be both flat and normal to the beam current, and 
area scans on multiple compositions were also performed.  A few grains of both elemental Mn 
and Bi were detected in every sample. The Mn grains, shown in Figure 8a, were consistently 
small and sometimes embedded within larger particles of MnBi. Individual grains of Bi, shown 
in Figure 8b, were typically 15 – 20 µm in size, and there were also some Bi-rich grains as 
expected. All EDS area scans were close to Mn50Bi50 in composition. The size of the powder 
particles milled for 8 hours are mostly ≤ 5 µm, which is sufficiently small to obtain large values 
of coercivity. There was no evidence of contamination from the ball milling apparatus in the 
form of Fe-rich particles. 
XRD analysis was performed on the Mn52Bi48 alloy throughout the process, which is shown in 
Figure 9. The phase fractions and lattice parameters calculated from Rietveld refinement are 
listed in Table 3. It should be noted that the Mn52Bi48 sample discussed here is a separate 
sample from the Mn52Bi48 sample discussed above, however the properties of the ribbons and 
powders were similar. The melt spun ribbons (Fig. 9a) contained 96.9 wt.% LTP-MnBi after the 
annealing process, with 3.1 wt.% bismuth that was left unreacted. The bismuth content 
increases to 7.5 wt.% upon ball milling for 7 hours (Fig. 9b) which indicates the decomposition 
of LTP-MnBi. The XRD peaks for the ball milled powders broaden compared to the annealed 
ribbons, and the a/c ratio of the lattice parameters increases. After annealing the powders at 
290°C, the XRD peaks become sharp, the a/c ratio of the lattice parameters decreases, and the 
LTP-MnBi phase increases to 98.5 wt.%. 
3.4 Magnetic properties of aligned powder 
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The demagnetization curves of various wax-aligned powders are shown in Figure 10, along with 
values of MS, Mr, Mr/MS, Hci, and (BH)max listed in Table 4. The coercivities are > 10.5 kOe for 
all samples, with the Bi-rich composition Mn49.5Bi50.5 showing the highest coercivity of 11.4 
kOe. The samples with highest (BH)max are Mn50.5Bi49.5 and Mn52Bi48, two compositions closest 
to the 50:50 ratio. Values for (BH)max typically follow the same trend as MS with the exception 
of Mn49.5Bi50.5, which has smaller MS than Mn53Bi47 but larger (BH)max due to the better 
squareness in the second quadrant. 
4. Discussion 
Previous discussions of maximizing LTP-MnBi phase fraction using traditional processing 
techniques concluded the optimal starting composition to be Mn55Bi45 [10], however here we 
argue the optimal composition to be much closer to the stoichiometric composition. With the 
processing conditions described in this work, the Mn52Bi48 composition provides the highest 
phase fraction of LTP-MnBi in both melt spun ribbons and ball milled powders, which is to be 
expected if contamination is minimized throughout materials synthesis. Melt spinning the 
material in this current work provides a faster quench rate than the previously mentioned arc 
melting and casting methods. The increased quench rate finely distributes the free Mn and Bi 
throughout the microstructure which facilitates the reaction to form MnBi. The wheel speed was 
held constant in this experiment, however it may also play a role in affecting the ribbon and 
powder properties. 
Oxidation of the MnBi alloy has also been greatly reduced during the single-step heat treatment 
in this work as compared to the multi-step heat treatment in our earlier work. Previously, the 
MnBi alloy was cast and heated to 255°C for 8 hours, then 352°C for 5 hours in a pure hydrogen 
atmosphere to obtain as much LTP-MnBi as possible. After this heat treatment there was still a 
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large amount of unreacted Mn and Bi across all compositions. The ingots were subsequently 
crushed, and only select powders in the range of 37 - 44 µm were further heat treated under a 
vacuum of 100 mTorr in order to encourage the remaining Mn and Bi to react. This second heat 
treatment succeeded in increasing the overall LTP-MnBi content, but it also resulted in 10-15 
at.% MnO across all compositions which placed a hard limit on maximum achievable MnBi 
phase. The heat-treated ribbons in this updated process approached 98 wt.% MnBi as determined 
by mass magnetization of 79 emu g-1 as well as Rietveld refinement. This vacuum heat treatment 
consists of a single step at 290°C. Even after the decomposition of LTP-MnBi during the ball 
milling process in this updated work, the powders still exhibit higher magnetization and 
coercivity in their “as-milled” state without the need of a second heat treatment. Nonetheless, the 
secondary heat treatment of the powders in this work was performed under a blanket of ultra-
high purity argon. This helped eliminate oxidation and increased the magnetization of the 
powders from 72.8 emu g-1 to 78.8 emu g-1. 
The prolonged milling times of 7-10 hours typically lead to large decreases in magnetization, 
remanence, and kinks in the second quadrant demagnetization curves [15], however these 
features are not as severe in this experiment. This is largely due to the smaller radius of the ball 
milling jar and smaller milling media. The energy imparted into the sample is reduced when the 
radius of the jar and milling media are decreased, which delays the effects of amorphization and 
decomposition. Some decomposition of MnBi still occurs after milling for 8 hours, which is 
evident from both Rietveld analysis and the 4% reduction in magnetization of the milled 
powders. The magnetization of 75.5 emu g-1 for the milled Mn52Bi48 powders (0.5 - 5 µm) 
reported in this experiment is still higher than the 74 emu g-1 for the crushed and annealed 
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Mn55Bi45 powders (37-44 µm) we previously reported under the same measurement conditions, 
with the added benefit of increased coercivity and energy product. 
The trend of MS as a function of chemistry for the powders is not as smooth as the trend in the 
melt spun ribbons. This may be caused by a number of factors. The magnetization curves at T = 
300 K and µ0H = 9 T (not shown here) show that some of the packed powder samples may not 
have been completely saturated due to the large anisotropy of the material. Another potential 
factor is the difficulty in handling the highly oxygen sensitive powders. The powders are 
protected from oxygen during the milling process, however after the cyclohexane was decanted 
in a nitrogen dry box, the powders were allowed to fully dry before magnetic measurements were 
prepared. There may have been varying amounts of contamination during this lengthy drying 
process. Although the amount of MnO and MnO2 detected from Rietveld was within the error of 
the measurement, a small amount of oxidation may still contribute to the noise in the data. 
The coercivity of the powders is affected by multiple mechanisms as the milling time is 
increased. The first mechanism is the simple relationship between coercivity and powder particle 
size. The powder particle size decreases as the milling time increases, which increases the 
coercivity of the powder. The second mechanism that occurs during milling is the decomposition 
of the LTP-MnBi into Mn and Bi. Nonmagnetic secondary phases such as Mn and Bi may help 
isolate the ferromagnetic MnBi particles, leading to increases in coercivity. However, strain, 
plastic deformation, development of nanocrystalline structure within each particle, disordering, 
and amorphization of the MnBi phase may be preceding the decomposition of the MnBi phase 
during the milling process [22][23][24]. Both Xie et al. [11] and Cao et al. [15] have shown that 
low energy ball milling and surfactant assisted ball milling of Mn55Bi45 powders resulted in the 
formation of nanocrystalline and partially amorphous MnBi using TEM and SAED analysis. Yin 
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et al. detailed the evolution of the MnBi structure throughout the milling process using XRD, 
which included the formation of crystallites approaching 30 nm, a buildup of strain, and the 
rearrangement and disordering of Mn and Bi atoms within the crystal lattice [24].  The LEBM 
process in this present work also induces strain in the MnBi powders as evidenced by the peak 
broadening in the XRD pattern and the increased ratio of a/c from the lattice constants derived 
from Rietveld refinement. Therefore, the as-milled powders consist of a strained and disordered 
LTP-MnBi phase, an amorphous phase fraction, and a nanocrystalline microstructure, all of 
which will effect coercivity. 
Annealing the Mn52Bi48 ball milled powders in this present work resulted in increased coercivity. 
In nucleation hardened magnetic materials such as MnBi, any lattice imperfections that result 
from ball milling may cause drops in HCi due to local reductions in anisotropy constants [25]. 
The XRD patterns of the powders ball milled for 7 hours are more broad than the annealed 
powders. This indicates the annealing process removed strain from the lattice and likely 
recrystallized the nanocrystalline powders. The XRD pattern of the annealed powders also show 
a phase pure material, which is complimented by the 78.8 emu g-1 magnetization of the powders. 
This indicates the 290°C post-mill annealing process reacted the decomposed Mn and Bi into 
LTP-MnBi. Although it cannot be determined from XRD, it is likely that the annealing treatment 
also converted any amorphous MnBi into a fully crystalline phase, which should result in an 
increase in coercivity. The annealing process will not affect the powder particle size, so this 
effect can be ignored. 
The powders that were ball milled for 10 hours showed a 21% increase in coercivity and a 1.5% 
decrease in magnetization upon annealing at 290°C. The small decrease in magnetization is 
potentially due to partial oxidation of the MnBi powders, given their large amount of surface 
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area. If the decomposed Mn forms MnO, then the reaction with Bi to form LTP-MnBi becomes 
impossible. Another possibility for the slight decrease in magnetization is the formation of a 
nonmagnetic phases such as Mn3Bi, which has been shown to crystallize from amorphous MnBi 
[26]. A more detailed study to determine the exact mechanism for increased coercivity upon 
post-mill annealing is ongoing. 
In both sets of annealed powders, the 290°C post-sinter annealing process reduced the magnetic 
squareness of the powders. This is likely a result from neck growth of powder particles at these 
elevated temperatures. If a portion of powder particles are necked to each other in random 
orientation, the squareness of the hysteresis loop will decrease accordingly. An optimization of 
the post-mill annealing process may lead to phase pure MnBi powder particles without reduced 
squareness. 
5. Conclusions 
LTP-MnBi is difficult to obtain due to the peritectic nature and oxygen sensitivity of the Mn-Bi 
system, so an excess amount of Mn is usually added to compensate. Here we report an improved 
processing route that minimizes wasted Mn and reduces oxide formation, yielding LTP-MnBi 
that approaches 99 wt.% purity. An optimized, nominal composition of MnBi was found to be 
Mn52Bi48 with appropriate processing techniques and raw materials. Annealed ribbons achieved a 
magnetization of 79 emu g-1. Powders which were ball milled for 8 hours retained a 
magnetization of 75.5 emu g-1 with a coercivity of 10.8 kOe and (BH)max of 13.0 MGOe. 
Powders which were ball milled for 10 hours retained a magnetization of 71.8 emu g-1 with a 
coercivity of 12.3 kOe. Post-mill annealing of these powders increased coercivity to 15.0 kOe 
with only a minor decrease in magnetization. Powders which were ball milled for 7 hours 
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retained a magnetization of 72.8 emu g-1, and post-mill annealing increased their magnetization 
to 78.8 emu g-1. 
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Figure 1. Room temperature saturation magnetization of Mn100-xBix alloys. Blue data points are melt 
spun ribbons which were annealed at 290°C, and red data points are the resulting powders after low 
energy ball milling for 8 hours. Properties were measured at T = 300 K and µ0H = 9 T. 
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Figure 2. SEM micrograph of a) wheel side and b) free side of Mn52Bi48 ribbons after annealing at 290°C. 
Image was taken in backscattered electron imaging mode. Grains on wheel side are mostly phase pure 
and range from 2 – 15 µm. Grains on free side are phase pure and range from 2 – 20 µm. 
Figure 3. SEM micrograph of annealed Mn52Bi48 ribbons in a region with high concentration of Mn grains. 
Image a) was taken in backscattered electron imaging mode, b) depicts area fraction of Mn grains, shown 
in white. Mn area fraction was approximately 1% as determined using ImageJ software. 
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Table 1. Chemical analysis of annealed Mn52Bi48 ribbons using ICP-AES 



















Rwp(%) = 2.5 
Rp(%) = 5.9 
χ2 = 6.0 
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Figure 6. Effects of 290°C annealing treatment on Mn52Bi48 ball milled powders. The annealing treatment 
increases MS at the cost of a reduction in Mr/MS. 
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BM x 9 hr 74.3 66.5 0.90 11.5 12.5 
BM x 10 hr 71.8 63.8 0.89 12.3 11.6 
BM x 7 hr, 
290°C anneal 
78.8 66.1 0.84 10.9 12.4 
BM x 10 hr, 
290°C anneal 







Figure 7. SEM micrograph of MnBi powders after low energy ball milling for 8 hours. Images were taken 
in backscattered electron imaging mode. Most powder particles fall between the size range of 0.5 µm to 
5 µm. 
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a)                  b) 
Figure 8. SEM micrograph of Mn and Bi impurities within the ball milled powders. Red circle in image a) 
highlights a dark, 2 µm grain of elemental Mn. Red arrow in image b) highlights a bright, 20 µm grain of 















Table 3. Summary of Rietveld analysis on Mn52Bi48 alloy throughout each processing step 
Processing 
step 
a, b (Ǻ) 
 






































Figure 10. Magnetic properties of Mn100-xBix powders aligned in wax. All compositions were ball milled 
for 8 hours. Measurements were taken at T = 300 K. The values of coercivity are similar for all alloys, 
however the values of MS and Mr are more dependent on chemistry. 
 
 



































Mn49.5Bi50.5 71.9 62.4 0.87 11.4 11.2 
Mn50.5Bi49.5 74.2 66.6 0.90 10.9 12.6 
Mn52Bi48 75.5 68.4 0.91 10.8 13.0 
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